The investigation ofepithelial ion transport at the cellular level by means of electrophysiological techniques is hampered by the small size of epithelial cells. Moreover, interpretation of experiments is complex due to poorly defined and highly variable paracellular leaks (shunt pathways). In search of a new experimental approach we developed a technique to isolate renal epithelial cells (diameter 10 ,um) from diluting segments of the frog kidney and to fuse them to
The kidney is known as a target organ for various peptide and steroid hormones. To trace hormone-induced intracellular events in the living epithelial cell, conventional and ionsensitive microelectrodes can be inserted into the cell cytosol for continuous measurement of cell membrane potentials and ion activities. This could be done most adequately in a single cell preparation in well-defined extracellular medium. We planned to perform the experiments in cells of the diluting segment of the frog kidney because basic transport mechanisms are sufficiently described in this epithelium (1, 2) and because amphibian kidneys are handled more easily compared to the mammalian preparation. In contrast to our own expectations, it appeared impossible to perform reliable intracellular measurements in a single epithelial cell due to irreversible cell damage during impalement. We thought that a significant magnification of the cell size could possibly overcome this problem. Therefore, we fused single renal cells to "giant" epithelial cells. The paper describes the fusion procedure, the gross morphology, and the basic functional properties of these giant cells.
METHODS
We describe the procedure of (i) isolating cells of a distinct nephron segment (i.e., the diluting segment), (ii) fusing the single cells to giant cells, and (iii) performing intracellular potential measurements while viewing the cell under study with high-resolution differential interference-contrast microscopy ( Fig. 1) .
Kidneys of Rana pipiens were perfused according to techniques published in detail (3) . For the preparation of frog renal cells we modified the two-step method reported for the isolation of liver cells (4, 5) : to break up the intercellular junctions, both kidneys were perfused via the aorta with Ca2+/Mg2+-free amphibian Ringer solution (50 ml, 10 mi) composed of(mM) 97 NaCl, 3 KCl, and 10 Hepes titrated to pH of7.8 by 0.1 M NaOH. In a second step, the kidneys were perfused (10 ml, 2 min) via the portal veins with amphibian Ringer solution containing Ca2+
(1.5 mM), Mg2e (1.0 mM), and collagenase (0.05%, 180 units/mg; Sigma, Munich, F.R.G.) to dissolve the intercellular matrix. By means of fine scissors superficial portions of 2-3 mm2 (thickness, 1 mm) were removed from the ventral surface of the kidhey. These kidney fragments contain almost exclusively diluting segmehts.
The fragments were transferred to a glass vial with 10 ml of the collagenase-containing kidney perfusate and were shaken gently for 10 min at standardized temperature (28TC). Then, the kidney fragments were microdissected by needles in the presence of 100 ,ul of the collagenase-containing solution. Thus, the epithelial structure was dissolved and the individual tubule cells could be collected by a Pasteur pipette. They were transferred into a conical tube containing the fusion medium. This consisted of 30% polyethylene glycol (PEG, Mr 4000) dissolved in Leibovitz-15 medium. The fusion medium was diluted to 275 mosM/liter, buffered with 10 mM Hepes, and titrated to an apparent pH of 8.6. Since pH measurements in the fusion medium by means of pHsensitive glass electrodes turned out to be unreliable (probably due to interaction of PEG with the glass electrode), phenol red was added and the fusion medium was titrated with 0.1 M NaOH until the indicator had changed completely from yellow to red. After centrifugation (100 x g, 3 min) the
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. The results are given as single or mean values, ± SEM. RESULTS Fig. 3 illustrates the morphological changes of a single renal cell of frog diluting segment induced by the intracellular impalement. The observed cell swelling starts a few seconds after insertion of the microelectrode tip into the cell cytosol. The cell remains damaged even when the microelectrode tip is withdrawn from the cell interior. The cell impalement is accompanied by an immediate negative shift of the microelectrode reading of some 10-30 mV (cell interior negative vs. bath-ground) followed by a rapid decline of the cell membrane potential to a value near zero. The decay of the cell membrane potential after the impalement correlates temporally tight with the observed cell swelling.
Intracellular measurements in fused cells (Fig. 4) Fig. 2 ). Intracellular impalements immediately after the fusion process were usually not successful. This is probably due to the fact that initially (i.e., during PEG exposure) cell clusters were formed composed of tightly packed single cells. As illustrated in Fig. 2 , the cell fusion process lasts for hours. It seems completed after about 4 hr. Then, no cell borders are visible within the giant cell and cell membrane potential measurements are stable. Fig. 5 Upper illustrates that at least 15 single cells must fuse to one giant cell, which then allows reliable intracellular impalements. A further increase of the cell size does not influence the absolute magnitude of the membrane potential. The frequency distribution of the cell membrane potentials of 40 fused cells with diameters of ¢50 gm is shown in Fig. 5 Lower. The mean value of Vm is -54.1 ± 1.6 mV. All impalements included in Fig. 5 were performed at least 4 hr after exposure to PEG. The cells were homogeneous in structure and virtually spherical in shape.
To test whether the giant cell retains the cell membrane properties ofthe individual epithelial cell, transport inhibitors were applied and ion concentration changes were performed in the bath medium. The data are summarized in Fig. 6 . Furosemide and anthracene-9-carboxylic acid both hyperpolarize Vm. This is in full agreement with previous observations in the intact epithelium (1, 6) . The cell membrane has significant K+ and Cl-conductances, which are detected by the K+-and Cl--induced Vm changes. Ba2+ blocks the K+ channels of the cell and thus depolarizes Vm and eliminates the K+-induced change of Vm. Amiloride inhibits Na+/H' exchange, as known from the intact epithelium, and depolarizes Vm, probably via intracellular acidification and secondary inhibition of K+ conductance (7) . The 95% response time of the various drug-induced Vm changes ranged between 5 and 20 s; all effects were fully reversible. Fig. 7 gives a further insight into the mechanism of action of furosemide. On the other hand, hyperpolarization of In the absence of furosemide, the mean value of Vm at extracellular K+ concentrations of 1, 3, and 15 mM was -57.1 ± 1.5, -54.6 ± 1.8, and -38.6 ± 2.5 mV, respectively. In the presence of furosemide, Vm averaged -78.9 ± 1.8, -63.1 ± 1.3, and -41.9 ± 2.8 mV, respectively. Proc. Natl. Acad. Sci. USA 83 (1986) 3551 abilities) transport processes, hormone-induced intracellular events, etc., in the isolated epithelial cell. Then, cell-to-cell (9) and paracellular (10) shunt pathways cannot interact and limit the interpretation of the experiments. However, we were not able to get stable intracellular impalements of single renal cells. A few seconds after impalement, irreversible cell swelling occurred (Fig. 1) and Vm dissipated. Varying electrode filling solutions according to previous reports (11), using high-resistance (400-600 MW) microelectrodes with ultrafine tips, and applying piezoelectric devices for cell impalements with adequate optical control (interference-contrast) could not improve the yield of acceptable intracellular recordings. Since intracellular impalements can be performed successfully in the intact renal epithelium (1, 2, 7) , the question arises why this cannot be achieved when the cell is removed from its physiological environment. Epithelial cells are usually coupled via intercellular (gap) junctions (9 Leibovitz-15 medium, they can be studied up to at least 20 hr after fusion. We assume that the crucial improvement was the dramatic increase of the volume over surface ratio of the cell.
Fusion of animal cells has become an important tool in experimental cell research (12, 13) . Successful application of the PEG method for cell fusion requires careful evaluation of the most important parameters (14) and adequate adjustment to the individual biological preparation. We tested PEG of different molecular weights at different concentrations; we varied the temperature and the length of the fusion step and the pH and the Ca2+ concentration in the fusion medium; we also tested kidneys of several animal species (Rana pipiens, Rana catesbejana, Xenopus laevis, Amphiuma). So far, the above described method gives the best yield on intact fused cells. A totally different fusion technique, electric fieldinduced fusion, could be also a promising approach (15) .
It is a striking observation that the cell fusion procedure obviously does not affect qualitatively the specific cell membrane properties of the early-distal cells. Transport inhibitors (furosemide, amiloride) and permeability blockers (Ba2+, anthracene-9-carboxylic acid) exert effects on Vm that compare well with the action of these substances in the intact epithelium (1, 2, 6) . Moreover, the characteristic functional responsiveness indicates that the fused giant cell is indeed composed of cells of the diluting segment. Furosemide and anthracene-9-carboxylic acid hyperpolarize Vm by two different mechanisms: whereas furosemide inhibits the inwardly directed Na+/K+/Clcotransport system (1, 2), anthracene-9-carboxylic acid inhibits Cl-exit from the cell cytosol by reducing Cl-conductance (6, 16, 17) . The existence of a significant Cl-conductance and its inhibition by anthracene-9-carboxylic acid is confirmed by the Vm changes induced by Cl-concentration steps. Either inhibition of intracellular Cl-accumulation by furosemide or elimination ofa significant Cl-conductance will drive Vm close to the transmembrane K+ equilibrium potential (18 (7) . Fig. 7 demonstrates the dependence of Vm on extracellular K+. With decreasing extracellular K+, the K+ conductance of the cell membrane vanishes and Vm approaches the transmembrane Cl-equilibrium potential (1, 6) . The situation changes dramatically when the Cl--uptake mechanism is inhibited by furosemide. Then, Cl-ions will be passively distributed across the cell membrane and Vm will switch back to values close to the K+ equilibrium potential (18) . These observations support experimental data from intact epithelium of the amphibian (1, 2) and the comparable mammalian (19) preparation.
Although the transport properties of the cell membranes of the giant cells are qualitatively similar to the native single cells that originally formed the diluting segment, we must assume that the polarity of the epithelial cell has disappeared. The electromotive forces of the individual cell membranes are now short-circuited. Most likely, ion channels and ion pumps are distributed randomly throughout the cell membrane. Furthermore, we cannot rule out the possibility that ion channels of one kind form clusters in one part, while other channels accumulate in other parts of the cell surface, thus giving rise to undefined local current loops.
Nevertheless, the present experiments indicate that the fused epithelial cell could serve as a suitable model to study the cellular mechanisms involved in the origin, maintenance, and regulation of the cell membrane potential.
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